Light-Emitting Diode (LED) luminaries for high-speed data transferring; however, the optical signal is usually degraded by the noise in the practical VLC system. In this paper, Allan Variance is introduced for noise analysis and modeling in VLC for the first time, which provides an efficient method to measure different kinds of noise in the VLC systems. By applying Allan variance to analyze the signals collected from the real-world environment, both white noise and random walk are observed in the VLC systems. The observed white noise and random walk are also modeled by using the Allan variance. The noise analysis and modeling based on Allan variance provide a method to improve the performance of VLC.
INDEX TERMS Visible light communication (VLC)
Visible Light Communication (VLC) is a rising communication technology which uses Light-Emitting Diode (LED) luminaries for high-speed data transferring. During past decades, there are various applications using VLC technology, such as Light Fidelity (LiFi) [1] and Visible Light Positioning (VLP) [2] . As an environmentally-friendly lighting source, LED has become prevalent among publics. The benefit of a VLC system comes in many ways, such as high rate transmission [3] , energy saving, long lifetime, low maintenance cost [4] , and less heating. In addition, since the visible light band is far away from the electromagnetic waves, it cannot produce electromagnetic interference, which is quite safe for hospitals with large amounts of equipments.
In positioning application area, popular solutions such as WiFi and Bluetooth are severely affected by multipath interference [5] , [6] . Fortunately, visible light energy is largely degraded by distance and large incident angles that most reflections will not affect line-of-sight signals.
Albeit those advantages of the visible light signals, it is important to improve the quality of the optical signal to achieve higher performance in visible light systems. The received signal strength (RSS) is widely researched in VLC studies because it directly indicates the signal quality [7] , [8] . Many RSS-based applications are often found in VLP related researches [2] , where high accurate RSS is demanded. The VLP system is developed to estimate the location of the receiver (e.g., photo-detector, camera, etc.). RSS has a great influence on the VLC applications because an inaccurate RSS may result in failure in detecting objects and further cause communication outages [9] .
A. NOISE IN VLC SYSTEM
Currently, the VLC system mainly focuses on two kinds of noise: 1) shot noise and 2) thermal noise [10] .
1) Shot noise is mainly generated by LED lights and the ambient light in the PIN tube. Firstly, the white LED cannot filter out the interference of the modulated visible lights with a band-stop filter, and the LED lamp is controlled by the bias voltage. Therefore, there is a small amount of power output even at a low level which may result in the noise in the receiver. This is the noise generated by the LED itself. Secondly, there is a large amount of visible light in the sunlight, which is inevitably received by the detector. For some artificial light sources (e.g., fluorescent lamps, incandescent lamps, etc.), their emitted optical power will affect the detector. Some of these light sources are often modulated at a frequency of 50 Hz, while others (e.g., fluorescent lamps) are modulated at hundreds of kHz, which may influence on the modulation signal of the LED itself. Shot noise introduced by these noise sources is often referred as an additive white noise in the literature [11] .
2) Thermal noise is mainly generated by the amplifier and loaded in the receiver. It is mainly caused by free electrons or charge carriers inside the resistor for irregular thermal motion. If there is no external field, the electrons in the conductor do irregular thermal motion and have no directional migration, thus causing no current. However, due to the fluctuations in the real world, the number of electrons moving in two opposite directions is not completely equal. This effect results in an increase or fall of the voltage in conductors and semiconductors, which is also called the noise voltage, producing noise current. The mean square value of the thermal noise consists of feedback resistor noise and FET noise [11] .
B. NOISE ANALYSIS FOR VLC SYSTEM
How the noise affects the performance of visible light systems has been studied for decades. As discussed in the previous subsection, typical noises in VLC receivers are shot noise and thermal noise due to the p-n junctions in the circuits of the receivers [12] , [13] . The study [11] presents that a large noise can degrade the signal-to-noise ratio (SNR) and further decrease the data rate of the VLC. In the research [14] , various parameters of the noise model were studied to learn their influence on the VLC systems. In the research [10] , the interference of different LEDs was studied. The noise was determined by noise modeling based on background current measured, which was measured by a specific instrument.
C. NOISE ANALYSIS USING ALLAN VARIANCE
Developed in the 1960s, the two-sided Allan variance was initially used to study the frequency stability of the oscillator in the clock system [15] . Decades later, researches applied it to study the error characteristics of the inertial sensor [16] . In 1999, IEEE published a standard [17] to illustrate the process of using Allan variance to analyze inertial sensors. In this century, the Allan variance was introduced in GNSS studies to identify the error characteristics of GNSS solutions [18] . The research [18] found out a list of main noise in the GNSS system, which are the first-order Gaussian Markov process, white noise, random walk, and flicker noise. The use of the Allan variance for colored noise analysis was introduced recently [18] . The paper studied colored noise produced by fading and shadowing in wireless communication systems.
D. MAIN CONTRIBUTION OF THIS PAPER
Previous works typically assume the noise in the VLC system are shot noise and thermal noise and model the noise by using Gaussian white noise. And, most researches only have simulation results rather than experimental studies. This paper uses Allan variance to analyze and model the noise of the VLC system and finds white noise and time-correlated noise are existed in the VLC system by experimental studies. The time-correlated noise is detected in the VLC system for the first time.
II. ALLAN VARIANCE
Different from calculating root mean squares (RMS) or frequency domain methods, the Allan variance is a timeseries analysis method to extract the noise from the data. It expresses the root mean squares error varied with time. The specific principles of the Allan variance are given as follows [16] .
For a random process X (t), data is measured at discrete times with the sampling interval t 0 , that is t = kt 0 , k = 1, 2, 3, ..., N s . Reminding that in the Allan variance, a cluster refers to a set of consecutive sampling points. First, suppose n(n < N s /2) sampling points, sum of which is a total time length τ , is used as a cluster, then the total number of clusters is the integer of N s divided by n. The mean value of two adjacent clusters are given by:
Second, calculate the difference between every two adjacent data clusters:
The Allan variance of a cluster with the length of τ (τ = n · t 0 ) can be represented by:
That is:
For random process X (t), its power spectral density (PSD) is represented by S X (f ). The unique relationship between the Allan variance and the PSD is:
Finally, by using the same process, the Allan variance for other cluster length is calculated. Therefore, the final result is the Allan variance versus cluster length. VOLUME 6, 2018
A. ALLAN VARIANCE OF BASIC NOISES
In IEEE standard [19] , quantization noise, white noise, random walk and other spectral noise components are described by different PSD laws. This allows to distinguish those noises by the slope of the curve in a log-log plot (Allan variance versus cluster length), as shown in Fig. 1 . The figure shows a combined result of all basic noises in inertial sensor. However, it is readily to identify each noise in particular time region. The curve begins with quantization noise with the slope of −1, then white noise part with the slope of −1/2. It ends with Random walk and drift ramp, with the slope of 1/2 and 1 respectively. The magnitudes of these noises are easy to calculate as soon as the relationship of the PSD and the Allan variance is established. The characteristics and calculation of the noises found in a practical visible light system are given in the next part. 
1) WHITE NOISE
In most VLC studies, the white noise refers to shot noise and thermal noise [10] , [11] , [14] . More explicitly, the shot noise are caused by dark current of photo detector, illuminance of LED, and illuminance of ambient light. Fluctuation of the LED signal can also be treated as white noise [20] , [21] . This fluctuation is usually due to the unstable power supply and modulation of the LED.
The Allan variance for Gaussian white noise is given in IEEE standard [19] as:
where N is the coefficient for white noise. From Eq. (7), in the log-log plot, the slope of the Allan variance curve is −1/2. N can be calculated by: Fig. 2 shows the relationship between PSD and Allan variance of the Gaussian white noise.
2) RANDOM WALK
In practical system, the signal not only suffers from white noise, but also from time correlated perturbation. The random walk is a noise with very long time correlation which origins from the Brownian motion in the receiver circuit [22] . The Allan variance of random walk is given by:
where K represents the random walk coefficient. The curve slope of the Allan variance is +1/2. The value of K is represented by:
The simulated results of a signal with random walk are shown in Fig. 3. 
3) OTHER NOISES
Other noises such as drift ramp and flicker noise have not yet been identified in our results. Some noises such as quantization noise and correlated noise (1st order Gaussian Markov Noise) are unstable and too obscure to identify. Experiments will continue in future to study those noises. The Allan variance results of some basic noises are given in TABLE 1 [19] . 
B. ACCURACY OF ALLAN VARIANCE
The accuracy of the calculated Allan variance is related to the cluster number involved in the calculation. The percentage error δ of the Allan variance estimation for a specific cluster length T is expressed as follows. If the percentage error is defined as:
where M is the number of clusters, σ (τ, M ) is the Allan variance for M clusters. This equation is equal to [23] :
Eq. (12) shows that the accuracy of the Allan variance is better with a longer sampling time. For example, when the cluster length is 1 second, the percentage error of a 24-hour consecutive data is 0.24%. However, a 1-minute data gives 9.21% percentage error. In this paper, each set of data is collected for 20 minutes, and the RSS is provided by FFT method for each 1/600 second, which gives the percentage error of 0.08%.
III. APPLICATION TO VLC
The performance of the visible light system is affected by white noise and other noises. These noises can be treated as random processes. In this paper, a very convenient noise analysis method, the Allan variance method, is used to qualitatively analyze these noises. The Allan variance directly observes the different noises in the system and learns the coefficient of each noise. Although related papers have pointed out that the shot noise in the photoelectric sensor has the most significant influence on the signal in the visible light system [11] , [24] , it is uncertain to neglect other the noises in a practical environment where exists more complex signal propagations. Therefore, we build a practical visible light system and the Allan variance will be performed to study all potential noise sources in the collected data including white noise and time-correlated noise.
A. SYSTEM STRUCTURE
The relationship between the Allan variance method and our visible light system is shown in Fig. 4 . The visible light system is separated into two modules: transmitter module and receiver module. The transmitter module configures the control parameters, which mainly include Pulse Width Modulation (PWM) waves-related parameters such as modulation frequency and duty cycle. Meanwhile, photodiode, FIGURE 4. The system structure of the visible light system. VOLUME 6, 2018 amplifier, digital processor, and noise measurement module are included in the receiver module. The optical signal from the transmitter module is received by the photodiode in the receiver. The signal amplifier of the receiver module includes the inherent module circuit and the external adjustment circuit. The digital processor performs the operations of windowing and Fast Fourier Transform (FFT) transformation and finally provides the RSS values corresponding to the modulated LED. The received signal from the photodiode is processed by the signal amplifier and digital processor and then sent to noise measurement module and noise mitigation module. The noise measurement module estimates all identified noise through Allan variance and output the coefficient of each noise.
B. TEST ENVIRONMENT
The field test environment, as shown in Fig. 5(a) was arranged in a large office in Sensors Center, Southeast University, Wuxi, China. The parameter settings of the system environment are summarized in Table 2 . Since all experiments were conducted at night, the sunlight interference was avoided. A relatively large experimental environment sized 5 × 5 × 2.843 m 3 was surrounded by a background cloth bracket, which is illustrated in Fig. 5(b) . It is because disturbance factors such as the ambient light from outside of the window should be avoided as much as possible in the experiments. With this black background cloth, most of the lights that hit its surface can be absorbed. Therefore, the streetlights outside the window could not enter or affect the experimental environment.
We used a photodetector modeled Texas Instrument OPT101 in the receiver, as shown in Fig. 5(c) . A STM32 development board was used for signal processing. The embedded AD module in the STM32 board receives analog signal from the photodetector. All Data are stored on an inserted SD card.
The transmitter connection is shown in Fig. 5(d) . We used a photodiode modeled Texas Instrument OPT101 in the receiver, as shown in Fig. 5(d) . PWM wave, which was output by the TIMER of the STM32 Microcontroller Units (MCU), was used to modulate a 10W LED lamp. To follow the Nyquist sampling law, since our system is limited by the sampling rate of 12 kHz, the frequencies should not be set above 6 kHz. The duty ratio was 70% in this test.
IV. RESULTS AND ANALYTICS

A. DARK CURRENT NOISE OF THE RECEIVER
The parameters for the field test are shown in Table 2 and the test was conducted during the night in the darkroom. The first test was conducted with LED turned off. Therefore, the signal received was generated by the dark current of the receiver. The Allan variance of the signal was shown in Fig. 6 . It can be observed from the result that the main noise type is white noise because dark current noise is one of the sources for shot noise. The yellow line which stands for the Gaussian white noise fits the left half of the Allan variance curve by using the least squares to minimize the fitting error. The red line stands for the fitting line combined two type of noise or more, which will be easy to understand in the next test. The coefficient of white noise was found to be 0.01093. 
B. VLC NOISE IN INTERFERENCE-FREE ENVIRONMENTS
In this test, the LED was turned on and modulated in 5 kHz. Also, there was no other ambient light interference. The result of Allan variance is illustrated in Fig. 7 . In Fig. 7 , the left curve shows the characteristic of white noise while the right curve obviously shows the random walk. Moreover, the coefficient of the white noise is large than that of the condition when the LED is off. Since there was no ambient light interference, we also checked the Allan variance of the same signal but not on the modulated frequency. We used the RSS value on 1.8 kHz, 2.5 kHz, 3.2 kHz, and 4.5 kHz and performed the Allan variance method. The fitting results of the curves are shown in Fig. 8 and Fig. 9 and the extracted coefficient are shown in TABLE 3. It can be seen that when there is no ambient light or other LED sources, the noise only consists of white noise. However, the coefficients of the white noise are large than that of the condition when the LED is off. It shows that the illuminance of the LED influences the whole frequency spectrum. In order to check that the random walk is not an occasion, we conducted another two tests, using two LEDs with the same model but modulated in different frequencies (3.2 kHz, 1.8 kHz). The Allan variance results of these two tests are shown in Fig. 10 and Fig. 11 and the coefficients are listed in TABLE 4. The random walk is found in both results. Therefore, the random walk would not be negligible. While white noise contributes most on the short clusters, the random walk influences on the long term. Another test was conducted to further evaluate the performance of the Allan variance method. In this test, we moved the receiver 2 m away from its original location and maintained other parameters of the system. Three LEDs (1.8 kHz, 3.2 kHz, and 5 kHz) were tested again and the results are shown in TABLE 5. Both white noise and random walk decreased since both noises are positively related to the power of the received signals. However, the white noise component is still larger than the result of 'dark test'. It is because the dark current noise is unchanged while only the part of the LED's contribution became smaller. 
V. CONCLUSION
A novel scheme of noise measurement was proposed for the visible light system based on Allan variance. A practical visible light system was built and field tests were used to study VLC noise and evaluate the performance of the proposed scheme. From the results, two types of noise were observed. On short cluster time, white noise was the dominant noise component. On long cluster time, random walk was identified as the dominant noise, which has not yet been mentioned in former studies. From other results, the coefficient of white noise from 'dark test' was smaller than that when a LED light was on. And by increasing the distance between the receiver and LED light, both noise components were dropped.
